Environmental context. Nanominerals are more reactive than bulk minerals, a property that strongly influences the fate of nutrients and contaminants in soils and plants. This review discusses applications of Feand Mn-nano-oxides in agricultural systems and their potential to be used as fertiliser and contaminant adsorbents, while addressing potential phytotoxicity. We discuss areas where significant advances are needed, and provide a framework for future work.
Introduction
The Earth's human population continues to grow, and especially in the shadow of climate change, the demands for more and better distributed food production have created an ongoing global challenge. Nanotechnology has become a remediation strategy of interest as a sustainable tool in agricultural systems, where it aims to increase efficiency in food production monitoring, pathogen assessment and solutions, water quality, and targeted delivery of agrochemicals (Rodrigues et al. 2017; Prasad et al. 2017) . In addition to these needs, nanoparticles, such as nano-metal-oxides (NMOs), have been engineered to act as contaminant scavengers and could be applied to a wide range of additional needs. Although there are several studies that focus on the scavenging ability of NMOs, few have applied this to agricultural and food systems (Shao et al. 2016; Li et al. 2019; Huang et al. 2018) . Key properties, such as ultra-small size, exceptionally high surface to volume ratios, and enhanced chemical reactivity, make NMOs ideal sorbents, in addition to the possibility of adding metal selectivity (Khan et al. 2017) .
Despite the promise of NMOs for metal(loid) scavenging, few studies have focussed on these oxides in cropping systems. A review on the effect of metal-oxide nanoparticles on growth and physiology of crops (Rizwan et al. 2017) highlighted that certain nano-oxides, such as those with cerium, copper, silver and titanium, can both decrease and increase seed germination, growth, yield and quality. Observed system interactions and characteristics depend on the type of crop, and the type and amount of nano-oxide used. However, only one of the studies testing the effect of NMOs on seed germination cited in the review (Rizwan et al. 2017 ) considered Fe-NMOs (Feizi et al. 2013 ). This study showed that lower concentrations of Fe-NMOs (,500 ppm) increased seed germination. None of the studies reviewed considered Mn-NMOs.
Iron and Mn metal-oxides are of particular interest because they have strong redox and sorption properties that can limit the mobility of toxic metal(loid)s within soils, even under a range of redox conditions (Borch et al. 2010) , and increasing Mn availability may further decrease contaminant uptake, such as Cd in rice, owing to a shared root transport system in some crops (Sasaki et al. 2012) . Fe-and Mn-NMOs have properties that are different than their bulk-mineral counterparts, having larger surface area and mass ratios and structural differences that lead to altered reactivity or crystallinity (Waychunas et al. 2005) . Moreover, the size and surface charges of NMOs make them candidates for uptake by plants, which provide mechanisms for the transfer of nutrients into grains (Zimmermann and Hilty 2011; Peters et al. 2016) . Together, these properties make Feand Mn-NMOs strong candidates for improving crop quality, yet there has never been a systematic study of Fe-and Mn-NMOs particles verses their bulk counterparts on the uptake of trace metal(loid)s and yield in major staple crops like rice, wheat, maize or soybean.
Besides their ability to remove metal(loid)s from food systems, nanoparticles, especially Fe-NMOs, have also been considered in agriculture for their fortification ability. While nanoparticles smaller than the diameter of cell wall pores (5-20 nm) are likely to pass through and reach the plasma membrane (Nair et al. 2010) , their uptake can be regulated by the Casparian bands at the exodermis and endodermis in rice, similar to dissolved phases. In addition, their uptake here may require a membrane transporter. Thus, there may be a small amount of nano-oxide that could be transported to the shoots which may provide an efficient mode for grain fortification while the contaminants are strongly sorbed and not available to the plants.
In this review, we specifically review the vital starting point of the fundamental nanoscience of Fe-and Mn-NMOs. We then review the previous research that has used Fe-and Mn-NMOs in agricultural systems, particularly worldwide crop production of four major staple foods -rice, wheat, maize and soybean. It is shown that Fe-and Mn-NMOs are strong candidates for immobilisation of agricultural contaminants in soils and, because they are naturally ubiquitous, have the potential to be a cost-effective and sustainable technology compared with other remediation strategies.
There is also a need to investigate how NMOs will affect the micronutrient content of crops, especially rice grains. This could lead to the development of efficient nano-fertilisers aimed at fortification. The combined tools for contaminant control and nano-fortification could be used not only for rice, but expanded to other food systems as well. Further, nanominerals, particularly Fe-and Mn-nanominerals, have the potential to positively impact the food system in a sustainable way.
The nature of nanoscience and nanotechnology, and the fundamental nature of Fe-and Mn-NMOs Nanoscience is a branch of chemistry and physics that deals with objects somewhere in the 1-100 nm (0.001-0.1 microns) range in at least one dimension, and nanotechnology is creating something useful and practical with the knowledge gained through nanoscience. Nanomaterials are best defined as materials that, just by virtue of their small size, behave differently than the same material except larger, even though their chemistry (composition and atomic structure) are, at least ostensibly, the same. Nanoscience and nanotechnology, as independent fields of investigation and application, did not begin to develop until the second half of the 20th century, and as a result they are not mature branches of chemistry and physics at this time. Nevertheless, they are now very well established and still growing rapidly as they integrate themselves into all fields of science and engineering (Friedrichs 2018) . The bottom line is that as any material, whether inorganic, organic or organometallic, gets smaller and smaller, into the nanoscale range of dimension, every chemical and mechanical property will be subject to change. The size threshold at which this change will begin to occur, and the amount of change that will be observed over different sizes, depends on both the material and the property in question. The magnitude of change has been observed to range from subtle to dramatic. Further, it has been observed that some properties may start showing changes in the size range of several to many tens of nanometres, while others may not change until one, two or three dimensions drop below one to two nanometres. The last thing to keep in mind is that measuring these changes with size in this exceptionally small size range, for any particular property, can be relatively straight forward or highly challenging, or not even practically accessible, at least with the existing techniques and technologies. All this is to say that the science of nanoscience and the practice of creating nanotechnology are fascinating and clearly important, but highly demanding, to say the least. Therefore, when one studies and/or applies these complex subjects, but also in the exceptionally complicated context of living things and soils, understanding may be cursory or seemingly obscure, but certainly no less important. In many cases, understanding and application may be of vital and worldwide importance (Hochella et al. 2008; Hochella et al. 2019) .
It is clear that especially in the last decade or two, soil scientists have resolved a great deal of the previous uncertainties concerning the chemistry and physics of the highly intricate soil matrix. This work includes the soil types most commonly used for agriculture. Still, one of the least developed soil science subdisciplines is the nanoscience of soil (e.g. nano-scale particles, nano-scale properties, and nano-scale processes and reactions). With this subsystem complexity in mind, this review is primarily focussed upon Fe-based NMOs in agricultural soils, certainly the most common of all the transition metal NMOs present in soils (and iron is the fourth most abundant element in Earth's crust after oxygen, silicon and aluminium). Manganesebased NMOs have also been included in this review as one of the next most abundant oxides present in soils. Manganese in soils is roughly one and a half orders of magnitude less abundant in the upper continental crust relative to Fe, with only Ti more abundant in the crust compared with all other first row transition metals.
The most common naturally occurring Fe-oxides in soils (in order of abundance) are goethite (a-FeO(OH)), hematite (a-Fe 2 O 3 ), ferrihydrite (nominally Fe 3þ 10 O 14 (OH) 2 ), along with much less abundant maghemite (g-Fe 2 O 3 ), magnetite (Fe 3 O 4 ), lepidocrocite (g-FeO(OH)) and akageneite (b-FeO(OH)). The oxidation state of Fe in these minerals is Fe 3þ , but also Fe 2þ is present, mostly originating in the aqueous phase of deoxygenated, reduced layers in soils. Manganese occurs in three oxidation states (2þ, 3þ, 4þ) (Post 1999) .
From the standpoint of nanoscience in soils, and for these Feand Mn-NMO phases, Fe-oxide nanomaterials have been studied quite frequently; however, nano-Mn-oxide minerals have not been studied nearly as much. Adding to the complexity of and unknowns in these occurrences, Fe-and Mn-NMOs in soils may occur naturally (i.e. natural nanoparticles); or they are unintentionally produced as a result of any form of direct or indirect human influence (i.e. incidental nanoparticles); or they are engineered or synthesised directly by humans and placed in, or transported to, agricultural soils (i.e. engineered nanoparticles) .
Further, it is important to consider that because of the discovery that their chemical and physical properties vary as a function of particle size in the nanometre range, these variations most likely arise from differences in the surface and nearsurface atomic structure as a function of size, as well as crystal shape and surface topography (nanometre-scale edges, steps, kinks, etc.). It has now been established that these variations affect significantly important geochemical and biogeochemical reactions and kinetics, and are now the focus of the new science discipline of nanomineralogy (Hochella et al. 2008 ). This recognition is broadening and enriching our view of how nano-sized minerals influence the hydrosphere, pedosphere, biosphere and atmosphere.
An overarching example of Fe-and Mn-NMO dynamics in sediments and soils, which demonstrate all of the principals described above, has been thoroughly studied as reviewed here. This example involves nanoparticles of hematite. Hematite is second only in abundance to goethite for all Fe oxides in nearsurface environments. If there is aqueous Mn 2þ present in the oxic zone, hematite surfaces will efficiently catalyse the oxidation of Mn 2þ , which will then precipitate as a manganese(III) or (IV) (oxyhydr)oxide. It has been shown that 7-nm nanohematite particles catalyse the oxidation of the aqueous Mn 2þ with reaction rates one to two orders of magnitude faster than 37-nm nanohematite particles, where this difference in reaction rates was calculated after surface area normalisation (Madden and Hochella 2005) . This oxidation results in the formation of Mn oxide minerals that are exceptionally active heavy metal sorbents in water and soils (O'Reilly and Hochella 2003; Hochella et al. 2005 and references therein).
Rate data for the reaction sequence just described above are shown in Fig. 1 as a function of nanohematite particle size, along with the amount of 7-nm hematite needed in a mixture with 37-nm hematite to account for the overall observed reactivity of the system (Fig. 1b ). Two conclusions can be drawn. First, the increase in reactivity arising from the greater surface area of smaller particles is overwhelmed by the increase in sizedependent reactivity. Second, 1-2 % of the 7-nm nanohematite accounts for nearly 100 % of the reactivity in a sample which is nearly all 37-nm hematite. This simply means that very little of the 7-nm hyper-active nanohematite is needed to make a significant difference in the overall rate of the entire sample.
Several vital details are now becoming available as to how the size and shape of nanohematite make a difference in reactivity (Madden et al. 2006; Huang et al. 2016; Huang et al. 2018; Inoue et al. 2019 ). The nanohematite surface atomic structure, nano-topography and the electronic structure (semiconducting behaviour) of the material are all important for their sorption, catalytic and redox behaviour. Most recently, Inoue et al. (2019) detailed the formation of Mn oxyhydroxide nanowires arising from the heterogeneous catalytic oxidation of aqueous Mn 2þ . Just after nucleation and initial growth, the Mn-oxide nanowire self-catalysed their own aqueous Mn 2þ oxidative growth as phase changes occurred with time along the length of the nanowires, eventually resulting in manganite nanowires with a very thin (2 nm) outer shell of hausmannite. Such intimate details have only been recently obtainable. Reactions like these are likely occurring in soils, and have occasionally been reported (Hochella et al. 1999 ). Nevertheless, with the advances being made in laboratory experiments and refined analytical techniques, it will become much easier to recognise these same or similar reactions in sample soils.
Having briefly mentioned nucleation and growth of nanomaterials found in soils, it is just as important to discuss the dissolution of nanocrystals. Dissolution is yet another important branch of soil materials science, a critical component of phase stability and the supply of aqueous species in the soil solution. Like all other properties of nanomaterials, dissolution mechanisms and resulting kinetics should be a function of size and shape. Starting with classical thermodynamic considerations, a modified version of the Kelvin equation predicts that as a solid is reduced in size, its solubility increases according to the following relationship:
where S is the solubility of particles with inscribed radius r in m (assuming spherical particles), S 0 is the solubility of the bulk material, g is the surface free energy in mJ m À2 , R is the gas constant in mJ mol À1 K À1 , T is the temperature in K, and V is the molecular volume in m 3 mol À1 (Hochella 2002) . This relationship predicts that as a particle diameter decreases, especially at a very small size, its solubility will increase exponentially compared with the solubility of the bulk phase. In fact, the solubility of many materials approximate this relationship. Experimentally, it has been found that for several systems, smaller nanoparticles do indeed dissolve more quickly than larger nanoparticles or microparticles, which suggest an increase in solubility, including for iron oxides and hydroxides (Erbs et al. 2008; Cwiertny et al. 2009; Echigo et al. 2012 ). However, the observations of these laboratory experiments are always more complicated than the equation above would suggest. For example, for nanohematite (Echigo et al. 2012 ), both initial rates and steady-state rates have been measured experimentally for nanohematites of different sizes and morphologies. In this study, it was observed that the initial surface-area-normalised rates of reductive dissolution were approximately two times greater for 7-nm hematite relative to larger nanocrystals. Nevertheless, in other experiments, the size dependence was not clearly demonstrated for measured steady-state rates. For example, using 7-nm hematite with a roughly hexagonal shape and no internal defects, it was likely that particle aggregation characteristics were the cause of the transition from rapid initial dissolution to the slower steady-state rate. However, it was also found that for larger nanohematite crystals, which have a rhombohedral shape, aggregation did not affect the dissolution rate; reactive sites, such as surface defects and sharp edges, were responsible for the rapid dissolution rate of the initial reaction. This study (Echigo et al. 2012 ) is valuable because it demonstrated that to assess the size dependence of nanoparticle reactivity, it is essential to account for the influences of nanoparticle morphology, the presence of defects or structural disorder, and the aggregation state. Certainly, all of these factors will be important in soils.
Finally, it is appropriate to also consider the sorption behaviour of NMO surfaces in soils. This is a critical property if Fe-and Mn-NMOs are considered for use in immobilising contaminants in soils. Certainly, nano-sorbents have a surface area per mass advantage over micro-and macro-materials. However, on a per-surface area basis, do NMOs sorb more ions and molecules than bulk materials? There would seem to be compelling reasons to suggest that the sorption behaviour of mineral nanoparticles is not simply a function of surface area, but also of nanoparticle size. In fact, it has been shown that the surface charge of nanohematite, so important in sorption properties, does change with particle size (He et al. 2008) . Second, it has been well established that the surface bonding environments of nanohematite also change as a function of size (Madden et al. 2006; Huang et al. 2018 ). There are also various indications and suggestions that Fe-NMOs are highly active in contaminant sorption, which include for maghemite (Auffan et al. 2008) , magnetite (Yean et al. 2005) , green rust (Johnson et al. 2014) and ferrihydrite (Yang et al. 2015a ), However, there are examples that include specific cases of the role nanominerals play in the transport of toxic trace metals (Plathe et al. 2013) . Analytical TEM confirmed these results as the majority of the Fe-and Ti-oxides analysed were associated with one or more trace metals of interest. The main mineral phases hosting trace metals are goethite, ferrihydrite and brookite. This demonstrates that they are likely playing a significant role in dictating the transport and distribution of trace metals in river systems. One last point is appropriate for this background section. Fig. 2 shows a truly dissolved Fe 3þ ion in an aqueous solution (the iron atom is coordinated to six highly labile water molecules). Below that in the figure are three of these Fe octahedra bonded together to form an oligomer, specifically a trimer cluster, which are not normally described as a nanoparticle. To the right of the monomer and trimer are a 1-nm and a 5-nm nanoparticle, using dull-red octahedra, which each represent a single iron octahedron as shown to the left. Even a 1-nm iron oxide nanoparticle has 36 of these octahedra, assuming that the one depicted is a nanoparticle that is two octahedral layers thick, as has been measured by atomic force microscopy (AFM). Therefore, considering everything that passes through 200-nm (0.2 microns) or even a 2-nm filters as dissolved is not appropriate. Aqueous and gas-based reactions that occur on (or in conjunction with) a molecular cluster, versus on a small mineral nanoparticle of the same composition, versus on a 50-nm or larger mineral grain, again with the same composition (all depicted in Fig. 2) , are predicted to most often show significantly different reaction pathways and kinetics.
Impact of Fe-and Mn-oxide nanoparticles on plants
Research investigating plant uptake and translocation of various NMOs, their physiological effect on plants, potential agronomic benefits and phytotoxicity is abundant (Ma et al. 2010; Liu and Lal 2015; Du et al. 2017; Rizwan et al. 2017; Ruttkay-Nedecky et al. 2017; Tripathi et al. 2017; Ruotolo et al. 2018 ). However, studies specific to Fe-and Mn-NMOs are much less available. More specifically, only a small handful of studies have investigated the effects of Fe-and Mn-NMOs on the four major staple food crops -rice, wheat, maize and soybean. By measuring crop health and/or growth parameters like chlorophyll content, seed germination rates, root elongation, root biomass, grain yield and protein, researchers have investigated the effects of NMOs in agricultural crops. Here, we seek to review what research has been done on this topic, but also to point out a gap in the literature of investigating the effects, positive or negative, of Fe-and Mn-NMOs in these agricultural systems and to what extent they are translocated throughout the plant. We supplement our review using other crops where appropriate, or when the literature is lacking in our areas of investigation.
Phytotoxic or fertiliser? Fe and Mn nano-oxides in major staple crops
The studies reviewed below have investigated the potential for Fe-NMOs and Mn-NMOs to be used as fertiliser, and their possible phytotoxicity in crops. Results indicate that the effect on plants depends on dose and mode of application. Generally, Fe-NMOs and Mn-NMOs increase nutrient availability compared with bulk counterparts, and do not exhibit toxic effects at concentrations below ,100 ppm, though much more research is needed for Mn-NMOs. However, negative effects have been observed above concentrations of 100 ppm. The current hypothesis is that smaller particle size increases chemical reactivity, and therefore the availability of the Fe and Mn ions (Wu et al. 2012; Bakhtiari et al. 2015; Liu et al. 2016; Rui et al. 2016) . This is consistent with other work showing that nano-size minerals are generally much more reactive than their bulk counterparts . Increased reactivity should, therefore, be considered when application rates of NMOs are calculated so as not to reach concentrations that can become phytotoxic to the plant.
In wheat (Triticum aestivum) systems, Fe-NMOs, when applied in solution to seedlings, have been shown to increase the germination rate (41 %) and root biomass (29 %) at 100 ppm Fe 2 O 3 compared with both a negative control and bulk Fe 2 O 3 . At concentrations higher than 100 ppm, no effect was observed on root biomass, and germination time decreased as the concentration was increased up to 1000 ppm, eventually reaching the same time as the control and bulk treatments (Feizi et al. 2013) . At concentrations of 0.125 and 0.5 ppm, Fe-NMOs (Fe 3 O 4 ) particles showed no effect on germination rate, shoot length and the visual health score when applied with irrigation water (Lee et al. 2018 ). Yasmeen et al. (2017) observed that Fe-NMOs increased the spike length, grain number per spike and grain weight with an application concentration of 25 ppm. Additionally, they showed that proteins related to starch degradation, glycolysis and tricarboxylic acid increased with Fe-NMO exposure (Yasmeen et al. 2017) . Foliar application of Fe nanoparticles increased wheat yield by ,450 kg ha À1 and grain protein content by ,3.5 % protein in alkaline soils (Bakhtiari et al. 2015) .
In maize (Zea mays), 20-ppm magnetic g-Fe 2 O 3 (maghemite) nanoparticles increased root elongation by 11 %, germination index by 27 % and vigor index by 40 %, while 50 and 100 ppm decreased the root length by ,13 % each in hydroponic growth systems. Oxidative stress was also indicated by increased levels of malondialdehyde (MDA) (Li et al. 2016 ). Ferrihydrite and hematite nanoparticles with concentrations from 1 to 6 ppm, also in hydroponic systems, showed no visual signs of stress, but did increase seed germination, chlorophyll content and root growth compared with controls (Pariona et al. 2017) . In contrast to that study, Yang et al. found that Fe 3 O 4 (magnetite) nanoparticles did not affect maize or rice (Oryza sativa) seed germination and root elongation at an application rate of 100 ppm (Yang et al. 2015b ). Another hydroponic study in rice investigated the effect of Fe-NMOs compared with FeSO 4 fertiliser and found that 100-ppm Fe-NMOs increased root length, shoot length, and dry and fresh weights compared with the FeSO 4 treatment, but at 200 ppm, no effect compared with FeSO 4 was observed, and a negative effect was observed at 400-ppm Fe-NMOs (Mankad et al. 2017 ). The single study found for soybean (Glycine max) systems did show that Fe-NMOs (Fe 3 O 4 ), when foliar applied, resulted in the highest yield at the concentration of 500 ppm, while other plant parameters were not affected (Sheykhbaglou et al. 2010 ). This study, however, did not compare the results with other forms of Fe, but only with negative control groups.
Research on Mn-NMO used in rice systems has been mostly focussed on mitigating As uptake into plants. The use of Mn-NMOs has been shown to decrease the amount of available As in soil water and its movement into rice grains (Shao et al. 2016; Li et al. 2019 ) and also to significantly change the microbial community composition (Shao et al. 2016) . No other agronomic traits were investigated. Foliar application of Mn-NMOs (6 ppm) in wheat, compared with bulk soil Mn and ionic Mn applied as a salt, showed no difference in agronomic traits like tiller number, plant height, root and shoot dry weight, and grain yield (Dimkpa et al. 2018) . Interestingly, Mn-NMO application affected other nutrient uptake dynamics like nitrogen in the shoot and grain compared with the bulk or salt Mn treatments. There were also differences reported for the amount of Mn and N in the grain between foliar application and soil application of the Mn-NMOs (Dimkpa et al. 2018 ). Similar observations have been reported in mung beans (Vigna radiate) concerning N uptake (Pradhan et al. 2014) . In a different study on mung beans (V. radiate), Mn-NMOs did not impart toxicity at higher concentrations, but MnSO 4 did, and Mn-NMO treated plants had higher photophosphorylation by increasing CP43 protein in photosystem II (Pradhan et al. 2013) . The application of Mn-NMOs at concentrations of 50 ppm has also been reported to increase seed germination in lettuce compared with bulk Mn (Liu et al. 2016) .
Taken together, these studies highlight that the dose and method of application greatly affect the role that either Fe-NMOs or Mn-NMOs will have in the complex interplay between crops, nutrients, soil minerals and microbial communities (Table 1) . They also highlight the need for further investigation in this area. Research on Mn-NMOs in the four major staple crops is especially lacking. Only two studies have investigated their effects on rice (Shao et al. 2016; Li et al. 2019 ) and another investigated their effects on wheat (Dimkpa et al. 2018 ). There were three studies in other crops (Pradhan et al. 2013; Liu et al. 2016; Pradhan et al. 2014 ) and only one of those studies included data on the uptake and translocation (Pradhan et al. 2013) . Mn-NMO studies have, perhaps, been neglected because as a plant nutrient, Mn is common in natural ecosystems as nano-to microsized bulk constituents and appears to be the least phytotoxic (Post 1999; Ruttkay-Nedecky et al. 2017 ). However, the literature to date suggests that there are likely important differences in the biochemical reactivity and ultimate fate of Mn-NMOs compared with their bulk or salt counterparts when applied in agricultural systems.
Uptake and translocation of Fe and Mn nanoparticles
Chemical transformation of NMOs is important when considering their potential for uptake and translocation through the plant. Here, we consider the uptake of Fe-and Mn-NMOs in their nanoparticle form and not necessarily an increased uptake of Fe and Mn in their ionic form as a result of NMO interactions. Higher levels of available ionic Fe and Mn are considered a result of the increased chemical reactivity of nanoparticles compared with their bulk counterparts (Wu et al. 2012; Bakhtiari et al. 2015; Liu et al. 2016; Rui et al. 2016; Hochella et al. 2019) . Chemical transformation of NMOs as they interact with plants has been reviewed elsewhere (Lv et al. 2019) but no studies specific to Fe-and Mn-NMOs and their transformations in the rhizosphere or inside plants could be found. The transformation of nano zero-valent iron (nZVI) into Fe-NMOs was observed in soil-plant systems, but plant uptake was not investigated as the purpose of the study was to investigate contaminant availability with nZVI application (Vítková et al. 2017 (Vítková et al. , 2018 . Uptake and translocation of Fe-NMOs in plants is only partly understood. In maize (Z. mays), evidence was obtained for g-Fe 2 O 3 nanoparticles moving through the apoplastic pathway through the exodermis and into the endodermis, and some accumulation in the vacuole of root cells. However, there was no transfer observed from the root to the stems, and the majority of the nanoparticles accumulated around the epidermis of the root (Li et al. 2016) . In contrast, engineered/synthetic hematite and ferrihydrite nanoparticles were observed, using confocal laser scanning microscopy, inside the vascular bundle of maize, in xylem and phloem vessels and cell walls, and apoplastic movement was observed to the endodermis, while symplastic movement was reported to the vascular system (Pariona et al. 2017) . While both studies show evidence for the movement of Fe-NMOs into root tissue, the movement of Fe nanoparticles into the vascular bundle and subsequent translocation to shoots may be dependent on the type of Fe-NMO present. For example, Li et al. speculated that the magnetism of g-Fe 2 O 3 nanoparticles may impede translocation of the particles into the shoots (Li et al. 2016 ). An important study on Fe-NMO uptake performed in peppers (Capsicum annuum) reported that Fe nanoparticles did move into roots and even the vascular bundle through the apoplastic pathway at higher concentration treatments, but no transport was observed to the stem and leaves, except in the bioavailable forms (Yuan et al. 2018) . Our review of the literature found no studies that investigated the uptake and translocation of Mn-NMOs directly. However, a few studies were found that reported differences in the total concentrations of Mn throughout the plant with the application of Mn nanoparticles. Foliar application of Mn-NMOs to wheat (T. aestivum) did not increase Mn concentrations in the root and grain of winter wheat when compared with Mn-salt treatments, and actually decreased the amount of Mn found in the grain when the MnO 2 nanoparticles were applied to the soil (Dimkpa et al. 2018) . In mung beans (V. radiate), Mn-oxide nanoparticles were reported to provide more plant-available Mn than MnSO 4 without imparting toxicity at higher concentrations, and did show an increase in Mn concentrations in plant leaves (Pradhan et al. 2013) .
In summary, no final consensus has been reached in the literature on whether Fe-NMOs are translocated through the plant, though there is evidence for uptake through the apoplastic pathway into roots. There is also not total agreement in the literature regarding the forms in which Fe-and Mn-NMOs are translocated through the endodermis and into the vascular bundle. Some studies suggest that it is the more bioavailable forms (for example, Fe 2þ and Fe 3þ ) that translocate towards the vascular tissue to the stem and leaves and not the Fe-NMO particles (Wu et al. 2012; Bakhtiari et al. 2015; Liu et al. 2016; Rui et al. 2016; Yuan et al. 2018) . There are no studies to date on Mn-NMOs being taken up by and translocating through plants.
Fortification potential
As highlighted in the previous section, Fe-and Mn-NMOs have been deemed as both a fertiliser and phytotoxicant. In addition to studies showing that nanominerals can increase crop yield, seed germination and plant components (i.e. root length, shoot length, dry and fresh weights), there is also potential for grain fortification with micronutrients such as Fe and Mn. Fe deficiency in agricultural crops can result in yield and nutrient depletion, which is especially important in staple crops. These symptoms are especially pronounced in calcareous soils, which represent nearly one-third of agricultural soils (Nozoye 2018) . According to the World Health Organization (WHO), fortification is the practice of deliberately increasing the content of an essential micronutrient in a food. Together, wheat, maize and rice account for 94 % of total cereal consumption worldwide, and fortification of wheat flour, maize flour and rice grains can be an effective and cost-efficient strategy for supplying minerals to a large portion of the world's population (WHO 2019) .
Iron, in particular, is one of the most limiting micronutrients, especially in diets based mainly on polished rice (Steiger et al. 2014) . Fat and micronutrient-rich bran layers are removed during rice milling to produce starch-rich white rice. White rice is the number one staple food in Southeast and Northeast Asia, some of the most densely populated regions in the world (Steiger et al. 2014; Klohn 2003) . However, polishing rice grains is one way to limit the concentrations of toxic trace metal(loids) like As and Cd that enter the human food chain. Similar to the toxic trace metal(loid)s, micronutrients like Fe and Mn are localised in rice bran (Lombi et al. 2009; Seyfferth et al. 2011; Steiger et al. 2014) , which are largely removed during polishing. Thus, polishing rice to form the starch-rich white rice results in poor nutrition (e.g. Fe deficiency) as well as lowering As and Cd content. Iron-deficient populations are adversely affected by Cd ingestion 5-8 times more strongly than are iron-replete populations (Andersen et al. 2004 ). Therefore, it is imperative to develop strategies to lower As and Cd content in rice grain, while also maintaining -or even increasing -micronutrient content. The development of an efficient Fe fortification technology is an active area of research (Steiger et al. 2014) .
While nanoparticles smaller than the diameter of cell wall pores (5-20 nm) are likely to pass through and reach the plasma membrane (Nair et al. 2010) , their uptake by plant roots would be regulated by the Casparian bands at the endodermis. Like dissolved phases, nanoparticles may need a membrane transporter to allow uptake through the symplastic pathway into root vasculature (Pariona et al. 2017; Lv et al. 2019) (Fig. 3) . Mechanisms of uptake, both through foliar and root tissue, are still not entirely understood, and are highly dependent on the size and composition of the NMOs (Lv et al. 2019 ). Thus, there may be a small amount of nano-oxide that could be transported to the shoots and provide an efficient mode for grain fortification while the contaminants may be strongly sorbed and not available to plants. The numerous capabilities of nanoparticles make them promising tools for agricultural and food systems; however, it remains unknown how efficient Mn and Fe nano-oxides are in grain fortification. This topic is largely unexplored by the scientific community. Results from a pot study assessing Fe oxide nanoparticles as a potential iron fertiliser for peanuts demonstrated that Fe 2 O 3 nanoparticles not only increased plant development (i.e. root length, plant height, biomass) but it also increased Fe content in peanut roots and shoots (Rui et al. 2016) . Specifically, treatments with 10 and 250 mg kg À1 Fe 2 O 3 resulted in the highest Fe content in shoots and the highest Fe content overall in roots with EDTA-Fe treated pots (Rui et al. 2016) , which suggested that the effectiveness of Fe delivery to crops will likely depend on the type and concentration of Fe nanoparticles. Another study looking at the impact of Fe nanoparticle supplements on Fe content in ginger rhizome demonstrated that under the treatment conditions, Fe content was significantly increased after the application of a nano Fe oxide compared with Fe-EDTA treated plants and the control (Siva and Benita 2016) . While these studies are not directly related to major staple crops, our review of Fe and Mn uptake in wheat, maize, rice and soybean combined with examples from other cropping systems suggest that Fe-and Mn-NMOs have the capability for micronutrient fortification but further research is needed to (1) better define the role of these NMOs in plant uptake and health; (2) develop large-scale nanoparticle synthesis; and (3) identify effective modes of delivery.
Furthermore, adding excess Fe and Mn to agricultural systems could have potential health implications. In particular, Mn can cause a potential health risk to the central nervous system and in lung tissue (O'Neal and Zheng 2015) . Symptoms are described as a 'Parkinson's-like syndrome' and can cause muscular weakness, early signs of gait problems and cognitive learning impairments in children (WHO 2011) . However, most of these studies focus on the inhalation of Mn during welding and smelting processes or long-term ingestion of aqueous Mn in drinking water, where health effects will vary depending on a person's age, gender, ethnicity, genetics and pre-existing medical conditions. Nanotechnology research is still in the early stages of understanding health implications of using nanomaterials and studies often focus on direct ingestion of the nanomaterial rather than secondary pathways. Furthermore, within agriculture, studies tend to focus more on crop health and, therefore, more in-depth research is crucial to better predict human health implications of consuming crops with NMOs. Another concern that will need to be addressed includes the impact of excess Mn-NMOs on soil surface and the potential burden this might cause on drinking or tap water production systems.
Fe-and Mn-nano-metal-oxides as potential contaminant scavengers in various cropping systems Nanomaterials in agricultural systems can have several benefits, such as increasing sensing performance for monitoring chemicals, efficient delivery of agrochemicals to crops and drugs to animals, and nutrient recovery from leachates and runoff using highly selective membranes (Rodrigues et al. 2017) . Another potential application of nanomaterials is as contaminant adsorbents, where contaminants could imply any undesired chemical, metal, metal(loid) or organic molecule threatening cropping systems. More specifically, using or engineering naturally ubiquitous NMOs, such as Fe and Mn nano-oxyhydroxides, could provide a more sustainable and less toxic remediation option for the food security of major staple crops (i.e. wheat, maize, rice and soybean). Recently, NMOs, particularly Febased, have been used in the removal of pollutants from natural waters and wastewater, as highlighted in reviews by Hua et al. (2012) and Xu et al. (2012) . Several studies have also demonstrated the scavenging capabilities of Fe-and Mn-NMOs for both metals and, to a lesser extent, organic molecules in soils and sediments (Waychunas et al. 2005; Vítková et al. 2018; Vítková et al. 2017; Jiang et al. 2018; Varanasi et al. 2007; Gil-Díaz et al. 2016; Michálková et al. 2014; Babakhani et al. 2018) . The overall upshot of these studies is that Fe-and Mn-NMOs participate in a wide variety of oxidation-reduction, sorption and aggregation reactions that can limit the mobility of toxic metal(loid)s and organic molecules within soils under a range of environmental conditions. The surface chemistry and reactivity of nanoparticles is distinctly different from the analogous surface chemistry of bulk materials, although the nanobased studies are much more recent with a much longer way to go to achieve scientific maturity. The general state of this science in reviewed in Hochella et al. (2008 Hochella et al. ( , 2019 . Nonetheless, even with the studies referenced here, and including all of the studies referenced within these articles, there have only been two studies in the area of metal contamination scavenging that have actually applied nanoscience and technology principles to real-world, field scale agricultural systems (Li et al. 2019; Shao et al. 2016) . These two studies have focussed on the critical issue of mitigating As accumulation in rice plants from paddy soils, as is further discussed below.
Rice systems
Rice is an important staple food for half the global population and is an important commodity in the USA, but its yield and quality are threatened by As and Cd uptake. Though rice can uptake several trace metals and other contaminants, As and Cd are the greatest threat in the flooded or non regime, even under flooded conditions, to immobilise and prevent rice uptake of As and Cd.
Manganese (oxyhydr)oxide minerals often have high adsorption capacities and therefore a strong affinity for trace elements, such as As and Cd in soils (Huang et al. 2017; Tebo et al. 2004) . Therefore, under the reducing conditions of rice paddies where As III and CdS persist, Mn oxides can provide a mechanism for oxidatively immobilising As, while only minimally impacting Cd-sulfides owing to limited solid-solid interactions. Iron oxides generally have lower reduction potentials than Mn oxides, so their oxidative powers are limited in soils; however, they are strong sorbents of trace metal(loid)s (Borch et al. 2010 ). In the pH range 6-8, typical of rice-field environments, As III is sorbed to a similar or greater extent than As V on hydrous ferric oxides (HFO) and goethite (Dixit and Hering 2003) , and Cd 2þ is also readily taken up (Loganathan et al. 2012) . Accordingly, amendments of Fe oxides to soils are well known for their mechanisms of scavenging and for limiting the mobility of toxic trace metal(loid)s.
Although the impact of Fe and Mn on trace metal mobility has been extensively investigated, only a handful of studies have researched the impact of Fe-and Mn-NMOs on contaminant immobilisation in rice systems. Li et al. (2019) designed a greenhouse study where fertilised soil was amended with MnO 2 nanorods, saturated, and then potted with transplanted rice plants. Arsenic content in various rice parts at each growth period (tillering, heading and mature stage) was reduced to varying degrees compared with the control, where root As was decreased by ,10-78 % and ,52-82 % in the tillering and heading stages respectively. The authors further tested this in a paddy field plot study, where 1.5 m Â 1.5 m plots were treated with MnO 2 nanorods. According to the results, As in husks decreased between ,57 and 80 % and ,43 and 77 % in brown rice compared with the control, by varying with the percent of nanorods added (Fig. 4) . Other work showed that the bioavailability of As in rice was lowered after the application of Mn-NMOs to soils, but that the particles could potentially alter the native microbial communities (Shao et al. 2016) .
In another study using seedling boxes with nutrient solutions amended with different nanomaterials and rice varieties, nano-Fe 3 O 4 and nano (metallic) Fe performed better than other nanomaterials in preventing arsenic from being transported to the aboveground parts of the rice seedlings ). Different rice cultivars accumulated As differently; however, the application of nano Fe-oxide and elemental Fe effectively reduced As uptake at low (0.8 mg L À1 ) and high (4 mg L À1 ) As concentrations in T705 rice seedlings but were only effective at low concentrations in X24 seedlings.
Other systems
Iron-and Mn-NMOs have been targeted as cost-effective tools for As (Kumpiene et al. 2008; Komárek et al. 2013) and Cd ) remediation of contaminated soils and waters, which can be applied to agricultural systems where these contaminants are of concern (i.e. rice paddies). There are no studies on using these materials to adsorb contaminants in wheat, maize or soybean cropping systems and only three studies have been reported for rice Li et al. 2019; Shao et al. 2016 ). There are, however, several studies in previous review papers that use NMOs in mining and wastewater systems to immobilise similar contaminants of concern as those in agricultural systems (Hua et al. 2012; Santhosh et al. 2016 ). In addition, another review evaluates the latest applications of Fe-NMOs in wastewater treatment (Xu et al. 2012) . Hua et al. (2012) summarised studies showing that nanosized ferric oxides can remove metals such as Cu II , Pb II , Cr VI and Ni II , whereas nanosized manganese oxides can successfully adsorb Pb II , Cd II , Zn II and Cu II . Xu et al. (2012) , however, summarised that iron oxide nanomaterials have adsorption capacities for other metals as well, like As V and Hg II , which include several organic Fig. 4 . After treatment with different amounts of a-MnO 2 nanorods, the content of effective As decreased, offset by an increase in residual As and insoluble binding As (Ca-As and Fe-As). Enhancing the oxidation of As III into As V , the a-MnO 2 nanorods increased the adsorption of As onto indigenous iron (hydr)oxides, which greatly reduced the soil porewater As content. In addition, pot experiments and field applications revealed that the influx of As into the aerial parts of rice plants (stems, husk and leaves) was strictly prohibited after treatments with different amounts of a-MnO 2 nanorods; more interestingly, significantly negative correlations have been observed between As and Mn in rice, which indicated that as Mn is increased in soil, the As in brown rice decreases. Image and figure caption are reprinted from Li et al. (2019) , with permission from Science Direct. contaminants. They further demonstrated that Fe-NMOs are efficient nanosorbents for heavy metals and organic pollutants. For example, nZVI has been commonly used in batch and columns studies to better understand its sorbent capabilities. According to Gil-Díaz et al. (2017) , nZVI application led to the removal of multiple metal(loid) contaminants within the same environment such as As, Cr, Pb, Zn and Cd. More specifically, As and Cr (anionic) were retained more in the presence of nZVI in acidic soils, whereas Cd, Pb and Zn (cationic) were immobilised more in calcareous soils (Gil-Díaz et al. 2017) . In agricultural systems with As, Cr, Pb or Zn issues, nZVI amendments could be a useful strategy for immobilisation; however, this strategy would not be an effective technique for Cd contaminated soils. However, according to a new study (Phenrat et al. 2019) , it is possible to use a soil slurry of water, nZVI and Cdcontaminated paddy soil to promote a reduction condition, which accelerates the Cd desorption from the paddy soil to the aqueous phase in the soil slurry. Subsequently, desorbed Cd in water is resorbed onto the nZVI surface, which is retrieved from the soil slurry through magnetic separation, leaving behind treated paddy soil and treated washing water. In another example, Gil-Díaz et al. (2016) revealed that the application of nZVI reduced the As uptake in barley plants, where the lowest accumulation was observed in plants from a 10 % nZVI-soil dose. In mining systems, nano-sized magnetite and zero valent iron coated by sodium dodecyl sulfate (SDS-nMGT and SDS-nZVI) decreased As concentrations in mine tailings by ,74 % and 52 % respectively. Most As tended to be bound in the wellcrystalline and amorphous or poorly-crystalline hydrous oxides of iron and aluminium, thus implying As stability ). According to this study, nMGT may be a more efficient technology for the removal of As than nZVI and suggests that the mineralogy (i.e. well-crystalline oxides) may play a significant role in element immobilisation. Despite the extensive examples of Fe-NMOs as effective nanosorbents, there still remains a significant gap in the literature regarding their application to agricultural systems and the contribution of Mn nano-oxides as strong oxidizers and sorbents.
Taken together, these studies highlight the need for further investigation on Fe-and Mn-NMO fate and impact in agricultural systems, especially using greenhouse and field studies. Furthermore, the literature mostly focuses on Fe-NMOs, and while some studies touch upon the importance of Mn oxides in contaminant interactions, further research is needed to assess their impact on redox conditions when added to these systems and their dual oxidative and sorption effect on the efficiency of these materials as a remediation strategy.
Conclusion, challenges and future needs
This article has reviewed the literature on Fe-and Mn-NMOs in cropping systems and has highlighted the promising capabilities of these nanominerals in crop growth, micronutrient delivery and contaminant scavenging. To date, there has not been a systematic review of Fe-and Mn-NMOs on the uptake of trace metal(loid)s and yield in agricultural systems. This review summarises the vital starting point of the fundamental nanoscience of Fe-and Mn-NMOs and assesses the previous research that has used Fe-and Mn-NMOs in agricultural systems, particularly worldwide crop production of four major staple foods -rice, wheat, maize and soybean. It is shown that Fe-and Mn-NMOs are strong candidates for immobilisation of agricultural contaminants in soils and have the ability to increase crop health and yield. Because they are naturally ubiquitous, Fe-and Mn-NMOs have the potential to be a cost-effective and sustainable technology compared with other remediation strategies.
Fe-and Mn-NMOs have properties that are different than their bulk-mineral counterparts, having larger surface area/mass ratios and atomic structural differences that lead to altered and often highly enhanced reactivity. The size and surface charges of NMOs make them candidates for uptake by plants, which provide mechanisms for the transfer of nutrients into grains. The studies summarised in this review highlight that dose and method of application greatly affect the role that Fe-NMOs and Mn-NMOs will have in the complex interplay between crops, nutrients, soil minerals and microbial communities. This also highlights the need for further investigation in this area, including additional studies on the interaction of these particles with organic, inorganic and organometallic molecules in agricultural soils. Research on Mn-NMOs in conjunction with the four major staple crops is especially lacking. Furthermore, no final consensus in the literature has been reached on whether Fe-NMOs are translocated through the plant, though there is evidence for uptake through the apoplastic pathway into roots. There also is not total agreement in the literature regarding the forms in which Fe-and Mn-NMOs are translocated through the endodermis and into the vascular bundle. Some studies suggest that it is the more bioavailable forms (for example, Fe 2þ and Fe 3þ ) that translocate towards the vascular tissue to the stem and leaves and not the Fe-NMO particles (Wu et al. 2012; Bakhtiari et al. 2015; Liu et al. 2016; Rui et al. 2016; Yuan et al. 2018) . There are no studies to date on Mn-NMOs being taken up by, and translocating through, plants. Fortification of crops is largely unexplored by the scientific community though a pot study did suggest that Fe 2 O 3 nanoparticles not only increased plant development (i.e. root length, plant height, biomass) but it also increased Fe content in peanut roots and shoots (Rui et al. 2016) . Nonetheless, the numerous capabilities of nanoparticles make them promising tools for agricultural and food systems; however, it remains unknown how efficient Mn and Fe nano-oxides are in grain fortification. According to our review of the literature, most studies on contaminant interaction with Fe-and Mn-NMOs occurred in water or wastewater systems, and the few that were conducted under agricultural conditions tended to be in rice agriculture systems (Shao et al. 2016; Li et al. 2019; Huang et al. 2018) . Studies have demonstrated the capability of these NMOs to immobilise, and even remove, contaminants of interest, such as metal(loids) like As and Cd. Despite this, there is a severe gap in the literature regarding the role of natural, incidental and engineered Fe-and Mn-NMOs in cropping systems and their potential to immobilise or decrease contaminant uptake in plants. Furthermore, there is a need to better understand the synthesis of NMOs for large-scale production at affordable costs, which includes addressing the role of polydispersity of commercial particles.
Nanotechnology based off of the abundance and low toxicity of natural oxides (i.e. Fe-and Mn-oxides) has become a promising opportunity for several large-scale applications in agricultural cropping systems, such as toxic metal(loid) sequestration in soils and groundwater, and micronutrient fortification. Nonetheless, the literature on this subject remains vastly limited and further research is needed in the following topics: (1) the role of nano-Mn-oxide minerals in the redox cycling of organic and inorganic soil components and contaminants; (2) the role of NMOs on contaminant mobility in cropping systems with a field application; (3) the effect of Fe-and Mn-NMOs on the micronutrient content of crop flour and grains and thus the development of efficient nano-fertilisers aimed at fortification; and (4) how nanotechnology can help to improve and capitalise on the natural biogeochemical processes of Fe-and Mn-oxide reactivity that can influence contaminant and nutrient dynamics in soil-crop systems.
